Tunneling nanotubes (TNTs) can be induced in rat hippocampal astrocytes and neurons with H 2 O 2 or serum depletion. Major cytoskeletal component of TNTs is F-actin. TNTs transfer endoplasmic reticulum, mitochondria, Golgi, endosome and intracellular as well as extracellular amyloid b. TNT development is a property of cells under stress. When two populations of cells are co-cultured, it is the stressed cells that always develop TNTs toward the unstressed cells. p53 is crucial for TNT development. When p53 function is deleted by either dominant negative construct or siRNAs, TNT development is inhibited. In addition, we find that among the genes activated by p53, epidermal growth factor receptor is also important to TNT development. Akt, phosphoinositide 3-kinase and mTOR are involved in TNT induction. Our data suggest that TNTs might be a mechanism for cells to respond to harmful signals and transfer cellular substances or energy to another cell under stress.
EBV-transformed human B-cell line, 3 murine macrophage J774 cells, 3 DU 145 human prostate cancer cells, 4 THP-1 monocytes, 5 hepatic HepG2 cells, 6 TRVb-1 cells, 6 bovine mammary gland epithelial cells, 6 human monocyte-derived macrophages, 3, 7 primary cultures of rat astrocytes, 8 myeloidlineage dendritic cells 5 and hematopoietic stem and progenitor cells. 9 Similar cell-cell communication projections were described in drosophila imaginal discs in vivo in 1999. 10 The cytoskeletal components of TNTs are reported to be F-actin, myosin Va and microtubules. 11 TNTs are suggested to transfer endosome-related organelles, surface receptors, mitochondria, lysosomes, GPI-anchored GFP and calcium fluxes. 12 
Some particles like human immunodeficiency virus (HIV) and PrP
Sc use TNTs as infection highways to transfer from one cell to another. [13] [14] [15] [16] However, the development mechanisms of TNTs are still unknown. Here, we address what is the initiator for TNT development, whether TNTs are induced by the target cells or they spout out by the initiating cells, and what is the downstream pathway of TNT development.
In our study, we induced TNTs in cultured rat hippocampal astrocytes with H 2 O 2 or serum depletion. Major cytoskeletal component of TNTs is F-actin. TNTs transfer endoplasmic reticulum (ER), mitochondria, Golgi and endosome as described by others. In addition, TNTs transfer intracellular and extracellular amyloid b (Ab) at the speed 2-8 times to ER, mitochondria, Golgi and endosome. We find that TNT development is a property of cells under stress. When coculturing two populations of cells, it is the stressed cells that always develop TNTs toward the unstressed cells. p53 is critical for TNT development. When p53 function is deleted by either dominant negative or siRNAs, TNT development is abolished. Also TNTs can be induced in p53 þ / þ osteosarcoma HT1080 cells, which can be inhibited by p53 siRNAs and dominant negative mutant. In p53-deficient MG63 osteosarcoma cells, no TNTs are induced. This phenotype can be rescued by expressing p53 in MG63 cells. In addition, we find that among the genes activated by p53, epidermal growth factor receptor (EGFR) is also important to TNT development. The downstream pathways involve Akt, phosphoinositide 3-kinase (PI3K) and mTOR. Our data suggest that TNTs might be a mechanism for cells to transfer cellular substances or energy to another cell when they sense their lives are under threaten. This is the first time, to our knowledge, the mechanisms of TNT development and its hypothesized function are described.
Results
TNT induction in neurons/astrocytes and their properties. TNTs were induced by H 2 O 2 (100 mM, 24 h) or serum depletion (7 days Carbenoxolone (CBX, 1 and 10 mM) did not block TNT induction in both astrocytes and neurons indicating that TNTs were not gap junctions (Figure 1k ). TNTs hovered freely in culture medium, did not attach to culture surface as described by others 1 (Supplementary Figure S1) . The A-Z axis scanning revealed the relative density of a TNT, which did not attach to bottom surface between two cells (Figure 1i ). Major cytoskeletal component of TNTs connecting astrocytes and astrocytes (Figure 1l ) as well as astrocytes and neurons (Figure 1m ) was F-actin demonstrated by fluorescent F-actin marker. This was further confirmed by the fact that adding F-actin-disrupting agent latrunculin A (1 mM) or cytochalasin D (2 mg/ml) blocked TNT induction in astrocytes and neurons (Figure 1n ), whereas microtubule-disrupting agent nocodazole (10 mg/ ml) or microtubule-stabilizing agent paclitaxel (10 mM) did not alter TNT induction (Figure 1n ). Plasma membrane marker showed that TNTs were continuous extensions from the cell membrane (Figures 1o and o1 ). After microinjection of Alexa488 dye to astrocytes, the material transfer from one cell to another cell was observed in 189/400 cases, suggested that the substance transfer from one cell to another was uni-directional (Figures 1p and q) .
When astrocytes were microinjected with Alexa488 dye, the substance transfer speed was calculated as 185.47±26.84 nm/min (Figures 2a and b , a1, a2, b1 and b2). Astrocytes infected by specific cellular compartment markers Cellular Lights Intracellular Targeted Fluorescent Proteins showed that TNTs could transfer ER, Golgi, endosome and mitochondria (Figures 2c, c1, d , d1, e, e1, f and f1). The transfer velocities at different time points for ER, Golgi, endosome and mitochondria in TNTs were calculated arranging from around 2 to 15, 5 to 15, 5 to 12 and 1 to 5 mm/s, respectively (Figure 2g ). The accordingly travel distances at different time points for ER, Golgi, endosome and mitochondria arranged from around 10 to 75, 25 to 75, 10 to 60 and 5 to 25 mm (Figure 2g ).
Ab can be transferred by TNTs and induced cytotoxicity. As HIV and PrP
Sc were suggested to use TNTs as infection highways to transfer from one cell to another, [13] [14] [15] [16] we suspected that in rat astrocytes and neurons, TNTs could also be hijacked by cytotoxic particles as a spreading tunnel. Intracellular Ab induced cytotoxicity in various systems. Rat brains overexpressing human APPinducing intracellular Ab accumulation had significant neuronal loss in the cortical regions and inhibition of intracellular Ab accumulation could promote cell survival. 17 Overexpressing human APP751 in P19 cells caused an increase in intracellular Ab level associating with a decrease in mitochondria membrane potential. 18 A strong piece of direct evidence for intracellular Ab cytotoxicity came from an experiment in which microinjection of Ab 1À42 induced significant cell death in human primary cultured neurons. 19 When intracellularly expressed fusion protein Ab-EGFP was transfected into rat astrocytes (Figure 3a) or microinjected into rat neurons (Figure 3c ), the spreading of EGFP to another cells was observed 30 min after transfection or microinjection (Figures 3b and d) , suggesting that intracellular Ab could use TNTs to transfer to another cell.
The calculations of spreading velocities and travel distances with time indicated that in both astrocytes and neurons, intracellular Ab traveled much faster than ER, Golgi, endosome and mitochondria ( Figure 3e ).
As Ab was normally secreted outside of cells, we also investigated whether extracellular Ab could be uptaken by astrocytes and transferred by TNTs. After 24 h of incubation with monomers or protofibrils of tetracysteine-labeled Ab 1-42 (TC-Ab, 1 mm) in the culture medium, TNTs were induced by H 2 O 2 in astrocytes. Both monomers and protofibrils of Ab were detected in the TNTs, suggesting that TNTs could transfer extracellular Ab uptaken by astrocytes. To further investigate whether Ab transferred by TNTs was toxic to cells, we first infected astrocytes with adeno-virus packaged with intracellularly expressed Ab. These astrocytes were then trypsinized and added onto neuronal culture. TNTs were induced by H 2 O 2 , and neuronal cell death ratios were indicated by terminal deoxynucleotidyl transferase-biotin dUTP nick-end labeling (TUNEL) at 24 h after induction. After the induction of TNTs, Ab induced significantly greater neuronal cell death compared with the EGFP controls and Ab alone without TNT induction ( Figure 3h ). As neurons were not transduced with Ab, the remarkable neuronal cell death can be attributed to Ab transferred by TNTs from astrocytes. With astrocytes infected with EGFP controls, although with the induction of TNTs, neurons showed no significant difference on cell death than EGFP without TNT induction, suggesting that high cell death ratio in Ab þ H 2 O 2 group could not be attributed to H 2 O 2 toxicity (Figure 3h ).
Induction of TNTs depended on p53, EGFR, Akt, PI3K and mTOR activations. To determine the initiator for TNT induction, we first tested the effects of nerve growth factor (NGF) and scratching. Heparin-coated acrylic beads were soaked in a solution containing NGF (100 mg/ml) and placed onto cell cultures. Our data showed that both NGF (Figures 4a-c and f) and scratching (Figures 4d, e and g) did not induce TNTs in either astrocytes or neurons. As H 2 O 2 and serum depletion, two stresses inducing TNTs, triggered apoptosis in both neurons and astrocytes, 19, 20 we then examined whether p53, Bax and caspases, key players in apoptosis, were involved in TNT development. The results suggested that p53 overexpression increased TNT induction with or without H 2 O 2 treatment. p53 dominant negative mutant blocked development of TNTs (Figures 4h, h1 , i, i1, j, j1, k and k1). However, Bax-neutralizing antibodies (6A7 and 2D2) 19 or pan caspase inhibitor Z-VAD-fmk did not alter TNT induction in astrocytes ( Figure 4n ) and neurons (Figure 4o ). To confirm the determining role of p53 in TNT induction, siRNAs to p53 (p53-1 and p53-2) significantly reduced TNT induction in astrocytes (Figure 4p ). When the function of MDM2, a negative regulator of p53, was blocked by its siRNAs (MDM2-1 and MDM2-2), the induction of TNTs was enhanced (Figures 4l, l1 and p) . It was reported that among numerous genes upregulated by p53 activation, EGFR was related to cell growth and proliferation. 21 The involvement of EGFR was also investigated by its siRNAs (EGFR-1 and EGFR-2). Our data showed that EGFR was required for TNT induction (Figures 4m, m1 and p) .
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To address whether TNTs were induced by the target cells or they spouted out by the initiating cells, we examined if conditioned medium from TNT containing cells could induce TNTs in another batch of cells. Conditioned medium from cells treated with serum deprivation for 7 days was collected and 5% serum was added to conditioned medium. Such medium was used to treat the second batch of cells to observe if TNTs were induced. Our data showed that there was no TNT induction in complete conditioned medium treated or 1/2 control medium with 1/2 conditioned medium treated groups (Figure 5a ), suggesting that TNT growth might be a property of initiating cells, not the target cells. To further confirm this hypothesis, astrocytes were distinguished into two groups by transfecting EGFP or RFP respectively. One group of colored cells was treated with TNT-inducing insults, and then trypsinized and washed, and then co-cultured with another color group of cells. By doing this, we obtained co-cultures containing both green (EGFP expressing) and red (RFP expressing) cells and could observe TNT development between two colored cell groups ( Figure 5b EGFR could activate Akt, PI3K and mTOR. 22 To explore the downstream pathways of TNT induction, we examined the involvements of Akt, PI3K and mTOR. Akt dominant negative mutant blocked TNT induction, whereas Akt constitutively active mutant enhanced TNT development (Figure 6a ) suggesting that Akt was involved in TNT induction. Applying PI3K inhibitors ly294002 (50 mM) or wortmannin (10 nM) showed that PI3K was important to TNT induction ( Figure 6b ). TNT development was inhibited by mTOR inhibitor rapamycin (0.1 nM) suggesting that mTOR was also involved in TNT development (Figure 6c ). Western blots showed that in astrocytes, the levels of EGFR, phosphorylated Akt and phosphorylated PI3K increased with H 2 O 2 and serum deprivation treatments ( Figure 6d ). In the astrocytes transfected with p53 dominant negative mutant, with H 2 O 2 and serum deprivation treatments, the enhancement of EGFR and phosphorylated Akt was suppressed ( Figure 6d 
Discussion
TNTs are newly discovered cell-cell connections.
1 It is hypothesized that TNTs are kind of a 'highway' for substance transportation between cells. 24 Cellular compartments, such intracellular and extracellular Ab peptides, which are proven cytotoxic to neurons and astrocytes. 19, 25 As a transcription factor, p53 responds to various stress signals and transcribes a series of genes. 21 Although p53 has numerous functions regulating cellular events, many of these functions prevent duplication errors when cells are under stress. In this sense, p53 pathway enhances cell division fidelity and prevents cancer formation. 21 Here, we find that p53 is also critical for TNT development. Therefore, the dependence of p53 of TNT formation suggests that TNT induction may be a manner for cells to deal with cellular stress and reduce the possibility to develop into cancer cells. Recently, it has been hypothesized that oncogenesis and neurodegeneration may share common mechanistic foundations. 26 p53 is an upstream key player in apoptosis and neurodegeneration. It is possible that by activating p53, cells undergo apoptosis keep harmful materials locally inside the membrane structures. In the other hand, through developing TNTs triggered by p53 activation, cells may send out useful or recyclable materials to other healthy cells. Noticing that transfer velocity of cytotoxic intracellular Ab is much faster than cellular orgnelles, it is possible that cytotoxic or transmissible particles, such as PrP Sc and HIV-1, can hijack TNTs as their spreading highways. Contradictory to our results, in mouse embryonic fibroblasts, p53 is reported to inhibit the formation of Cdc42-induced filopodia, but not Rac1-induced lamellipodia or RhoA-induced stress fiber formation. 27 We think TNTs may or may not be a kind of filopodia as TNTs do not attach to culture surface as most of filopodia. Therefore, the induction mechanism for TNTs can be totally different than filopodia. Furthermore, the stress used in this study to induce TNTs are oxidative stress and serum deprivation, which may trigger different pathways than Cdc42-induced filopodia formation. Interestingly, we also find that the major cytoskeletal component of TNTs is F-actin. As actin genes are transcriptional targets for p53 28, 29 and p53 interacts directly with F-actin, 30 it is likely that p53 regulates and interacts with actin during TNT development.
Among the genes upregulated by p53, we find that EGFR is required for TNT induction. EGFR has important roles in cell proliferation. 22 Data show that overexpression of EGFR and its ligands occurs in various epithelial cancers, most notably gliomas and breast, pancreas and liver carcinoma. 22 Dominant negative construct to EGFR blocks ductal branching and outgrowth in virgin mice. 31 EGFR ligand TGF-a expression driven by keratin promoter in skin results in hypertrophy and hyperkeratosis with alopecia or stunted hair growth. 32, 33 TGF-a expression commonly leads to enhancement of cellular proliferation, increased mitotic index, reduction of apoptosis, hyperplasia of skin, mammary glands and liver. 22 Deletion of TGF-a in TGF-a knockout mice induces a significant reduction in the number of dopaminergic neurons in the substantia nigra. 34 It is also reported that EGFR ligands have tissue specificity during particular development stage. 22 This could explain, at least partially, why we do not find EGF or TGF-a can induce TNT development or guide TNT directions in this study. EGFR is suggested to activate Akt, PI3K and mTOR, which have important roles in protein synthesis and metabolism, ribosome biogenesis, transcription, cell proliferation and migration. 22, 35, 36 Akt, PI3K and mTOR are also associated with both oncogenesis and neurodegenerative diseases. 26 Our data show that Akt, PI3K and mTOR are involved in TNT development, suggesting that TNT development may have an important role in preventing cancer formation and neurodegeneration. Furthermore, TNT-inducing insults H 2 O 2 and serum deprivation can also induce overexpression of M-Sec in wild-type astrocytes, but not in p53-deficient cells, suggesting that M-Sec might be regulated by p53 activation.
Therefore, we propose that harmful insults induce p53 activation, which then in turn, upregulates EGFR expression and activates Akt/PI3K/mTOR pathway. p53 activation or EGFR or Akt/PI3K/mTOR induces M-Sec overexpression, which together with RalA and the exocyst complex can trigger F-actin polymerization 23 and contributes to TNT development from the cell membrane (Figure 6f ). The development of TNTs is a property of the initiating cells, however, at the same time, there may be some guidance receptors on the target cell surface or guidance molecules released by the target cells. These receptors or molecules, although are not responsible for the initiation of TNTs, may contribute to guide the directions of TNTs to find the target cells (Figure 6f ). These findings have important implications to discover TNT function and its roles in cell-cell communication. Ctl 38, 39 were used. All siRNAs and controls (Qiagen, Hilden, Germany) were diluted into 5 nM before injection or transfection by HiPerFect (Qiagen) described by the manufacturer. The silencing efficiency and off-target effects of all siRNAs were verified by Qiagen. Antibodies to actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), EGFR, phosphorylated Akt, total Akt, phosphorylated PI3K and total PI3K were used for western blots. For NGF, EGF, TGF-a applications, heparin-coated acrylic beads (Sigma) were soaked with 100 mg/ml growth factors for overnight at 4 1C.
TC-Ab 1-42 peptides were dissolved in 100% DMSO and adjusted to 1 mg/ml by adding distilled H 2 O. The solutions were adjusted to pH 7.4 with 2 M Tris base. After centrifugation at 6000 Â g at 4 1C for 5 min, the supernatant was injected into a size exclusion chromatography column Superdex 75 HR 10/30 (GE Healthcare, Uppsala, Sweden) equilibrated with 10 mM Tris-HCl, pH 7.4. Peptides were fractionated at a flow rate of 0.5 ml/min and eluted in 1.5-column volumes. TCAb 1À42 elution was monitored by UV absorbance at 210, 254 and 280 nm. Under these conditions, TC-Ab 1À42 eluted as two well separated peaks; one corresponding to the void volume of Superdex 75 containing TC-Ab protofibrils and the second peak corresponding to monomeric TC-Ab. The protein concentrations of the TC-Ab fractions were estimated by using the Micro bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). The detection of TCAb 1À42 was performed with the TC-FlAsH In-Cell Tetracysteine Tag Detection Kits as described by the manufacturer (Invitrogen).
Cell cultures. Rat primary neurons and astrocytes were cultured from new born Sprague-Dawley rat hippocampus, following the regulations of Peking University Animal Care and Use Committee. In brief, fresh rat hippocampal tissues were washed with phosphate-buffered saline (PBS, 0.14 M NaCl, 0.003 M KCl, 0.01 M Na 2 HPO 4 , 0.002 M KH 2 PO 4 , pH 7.2) dissociated with 0.25% trypsin (Invitrogen), which was then inactivated by 10% decomplemented fetal bovine serum (FBS, HyClone, Logan, UT, USA). The mixture was triturated through pipette to make a homogenous mixture. After filtering the mixture through 70 mm sterilized filters, the flow-through was centrifuged. The pellet was then washed once by PBS and once by DMEM in Earle's balanced salt solution containing 0.225% sodium bicarbonate, 1 mM sodium pyruvate, 2 mM L-glutamine, 0.1% dextrose, 1 Â antibiotic Pen-Strep (all from Invitrogen) with 5% FBS. Cells were then plated on poly-L-lysine (Sigma) coated plates at the density of 3 Â 10 6 cells/ml. Neurons and astrocytes were incubated at 37 1C in DMEM with 5% FBS and with 5% circulating CO 2 . Cytarabine was added to culture media 24 h after plating at 10 mM to inhibit cell growth in neuornal cultures, but not in astrocytic cultures. Medium was changed every 48 h. To obtain astrocyte culture, when cells were confluent on the surface of culture flask, the cells were rocked in a covered culture flask at 250 g for 18 h. The cells were washed twice with DMEM, and digested with 0.25% trypsin until the cells get rounded. The cells were transferred to another culture dish with DMEM and 5% FBS. Cells were treated for experiments at 7 days in culture. MG63 and HT1080 cells were maintained in DMEM and MEM (Invitrogen), respectively.
Confocal imaging. Cells were pictured using a Zeiss LSM-510 inverted confocal microscope (Carl Zeiss, Oberkochen, Germany). All image data were taken in the line-scanning mode of the cells excited at 488 nm for EFGP, Alexa488 or TC-FlAsH and 563 nm for RFP. X-Y and X-Z sections were taken 1 mm for every scanning step.
Microinjection. Thin-walled
Borosilicate glass capillaries (outer diameter ¼ 1.0 mm, inner diameter ¼ 0.5 mm) with microfilament (MTW100F-4, World Precision Instrument, Sarasota, FL, USA) were pulled with a Flaming/Brown Micropipette Puller (P-97, Sutter, Novato, CA, USA) to obtain injection needles with a tip diameter of about 0.5 mm. Microinjections were performed in the cytosol of each cell using the Eppendorf Microinjector FemtoJet and Eppendorf Micromanipulator (Eppendorf, Hamburg, Germany). Neurons were injected with 25 fl/shot at an injection pressure of 100 hPa, a compensation pressure of 50 hPa and an injection time of 0.1 s. The solutions were injected at the indicated concentrations with 100 mg/ml Alexa488 (Molecular Probes, Eugene, OR, USA) as a fluorescent marker to recognize the injected cells.
Adeno-virus infection. Intracellular Ab 1À42 cDNA was subcloned from pEGFP-N3 into pAdTrack with BglII and XhoI digestions. Adeno-virus was packaged in HEK293 cells and the infectious particle was measured as 2 Â 10 6 /ml (MOI ¼ 1.33). The purified virus supernatant was added to cell culture medium at the dilution of 1 : 500 for 24 h.
Measurement of neuronal cell death. Cells were fixed in fresh 4% paraformaldehyde, 4% sucrose in PBS for 20 min at room temperature and permeablized in 0.1% Triton X-100, 0.1% sodium citrate in PBS for 2 min on ice. TUNEL staining was performed using the in situ cell death detection kit I as described by the manufacturer (Roche, Quebec, Canada). The percentage of cell death was determined by the ratio of the number of TUNEL-positive cells (red) over 100 EGFP-positive cells. The average of five counts was calculated as the percentage of neuronal cell death in a certain treatment.
Real-time PCR. Cells were harvested and total RNA was isolated with TRIGene reagent (GenStar BioSolutions Co., Ltd., Beijing, China). Total RNA (2 mg) were reversely transcribed using TransScript II First-Strand cDNA Synthesis SuperMix (Beijing TransGen Biotech Co., Ltd., Beijing, China). Real-time PCRs were done by using TransStart Green q PCR SuperMix UDG (Beijing TransGen Biotech Co., Ltd.). Sequences of primers for the M-Sec were as following: forward primer: (5 0 -GTGCAGAACCTCTACCCCAATG-3 0 ); and reverse primer: (5 0 -TGGAGAATGT CGATGGCCA-3 0 ). 23 Real-time PCR quantifications were run in triplicate for each sample and the average were determined. In order to use the comparative Ct method for relative quantification, the amplification efficiency of target and housekeeping gene must be approximately equal. Quantification was done using the comparative Ct method, expression levels for the target gene was normalized to the 18S rDNA 
